Objective: Preliminary work by our group suggested that proteins within the pancreatic cyst fluid (CF) may discriminate degree of IPMN dysplasia. We sought to externally validate these markers and determine whether their inclusion in a preoperative clinical nomogram could increase diagnostic accuracy. Summary Background Data: IPMN is the most common radiographically identifiable precursor to pancreatic cancer; however, the timing and frequency of its malignant progression are unknown, and there are currently no reliable preoperative tests that can determine the grade of dysplasia in IPMN. Methods: Clinical and radiographic data, as well as CF samples, were obtained from 149 patients who underwent resection for IPMN at 1 of 3 institutions. High-risk disease was defined as the presence of high-grade dysplasia or invasive carcinoma. Multianalyte bead array analysis (Luminex) of CF was performed for 4 protein markers that were previously associated with high-risk disease. Logistic regression models were fit on training data, with and without adjustment for a previously developed clinical nomogram and validated with an external testing set. The models incorporating clinical risk score were presented graphically as nomograms. Results: Within the group of 149 resected patients, 89 (60%) had low-risk disease, and 60 (40%) had high-risk disease. All 4 CF markers (MMP9, CA72-4, sFASL, and IL-4) were overexpressed in patients with high-risk IPMN (P < 0.05). Two predictive models based on preselected combinations of CF markers had concordance indices of 0.76 (Model-1) and 0.80 (Model-2). Integration of each CF marker model into a previously described clinical nomogram leads to increased discrimination compared with either the CF models or nomogram alone (c-indices of 0.84 and 0.83, respectively). Conclusions: This multi-institutional study validated 2 CF protein marker models for preoperative identification of high-risk IPMN. When combined with a clinical nomogram, the ability to predict high-grade dysplasia was even stronger.
I
ntraductal papillary mucinous neoplasms (IPMN) of the pancreas are a heterogeneous group of lesions that grow within the ductal system of the pancreas and may involve the main pancreatic duct (MD-IPMN), branch ducts (BD-IPMN), or both (Mixed-IPMN). 1 Since the recognition of this entity over 3 decades ago, 2, 3 IPMN have gained increased attention because of their frequent identification on routine cross-sectional imaging, and because they are the most common radiographically identifiable precursors of pancreatic cancer. 4, 5 The pathway of IPMN progression from noninvasive to invasive disease is believed to be responsible for approximately 20% to 30% of pancreatic cancer cases. 5 These cystic adenomatous lesions are believed to progress from low-grade dysplasia, to high-grade dysplasia, to invasive cancer. 6 Once invasive disease develops, survival outcomes are similar to conventional pancreatic cancer when controlled for stage. 7, 8 Therefore, most clinicians believe that resection of high-grade dysplasia presents an opportunity to cure a lesion before the development of an incurable invasive disease. However, previous recommendations for the routine resection of IPMN have led to some overtreatment, with many reports identifying high-risk pathology in less than half of all patients who have undergone pancreatectomy. 9, 10 From the The ability of current laboratory, radiographic, and endoscopic tests to distinguish between low-risk (low and moderate dysplasia) and high-risk (high-grade dysplasia and invasive) IPMN is limited. 11, 12 The presence of a dilated main pancreatic duct (MPD) on preoperative imaging remains the most commonly implemented criterion for prediction of high-grade dysplasia or invasive disease, as it has been shown that approximately 60% of patients with resected MD-IPMN harbor high-grade dysplasia or invasive disease. 13 When the main duct is not dilated (BD-IPMN), only 10% to 15% of resected patients will be found to have high-grade disease. 14 The most recent consensus guidelines for management of IPMN have recommended resection for all IPMN patients with a dilated MPD >1 cm or an enhancing solid component. 15 Reports have shown, however, that in this setting, 60% of resected patients will have highrisk disease. If only 60% of these patients have high-risk disease, then 40% of patients will undergo a major operation for low-risk disease. 16 Hence, improved markers of high-risk disease are needed. Over the past several years, our group has investigated several serum and cyst fluid (CF) protein markers in patients who have undergone resection for IPMN. These studies have demonstrated consistent differences in the patterns of CF protein expression between low-risk and high-risk patients. 17, 18 In the most recent study, 19 we analyzed the CF of 78 patients with resected IPMN utilizing antibody bead array (Luminex) with 87 different protein markers. High-risk disease was found to have a positive correlation with 29 of the measured proteins, of which 23 (79%) were inflammatory markers. In this previous study, none of the proinflammatory or neoplastic markers were found to be significantly overexpressed in the low-risk group. Multivariate modeling was performed on these data, and resulted in 2 different mathematical prediction models with 2 different sets of markers (MMP9 þ CA72-4, and sFASL þ IL-4) that each had a discrimination index (c-index) of 86% for predicting high-risk disease. In these 78 patients, if MPD dilation was used as the criterion for high-risk disease (as recommended by the current guidelines), then the c-index would have been only 73%.
In this current study, we sought to validate, on an independent multi-institutional patient set, these 2 predictive models using antibody bead array (Luminex). We employ a larger set of CF samples from 3 high-volume academic hospitals (Johns Hopkins Hospital, Massachusetts General Hospital, Memorial Sloan Kettering). We also aimed to incorporate these protein-level models into a recently developed clinical and radiographic prediction model (nomogram) to investigate whether a combined model could result in a highly accurate prediction tool for high-risk IPMN.
METHODS

Patients
Following institutional review board (IRB) approval, and using prospectively maintained pancreatic databases from the Pancreatic Surgery Consortium, each 1 of the 3 participating institutions [Memorial Sloan Kettering (MSK), Massachusetts General Hospital (MGH), and Johns Hopkins Hospital (JHH)] randomly selected 50 patients who had undergone resection for a pathologically proven IPMN, between January 2004 and September 2015. Eligible patients were required to have had adequate banked CF (at least 250 mL) available for the study. Patients with concurrent malignancies (eg, cholangiocarcinoma, neuroendocrine tumor) were excluded.
All patients had previously signed one of the corresponding institutional review board-approved tissue banking protocols (MSK  IRB# 00-032, JHH IRB# AM00028936, MGH IRB# 2003p001289) , and a waiver of authorization was obtained from each institutional IRB prior to accessing the electronic medical records. Demographic data, clinical data, laboratory, radiographic, and pathologic features were extracted from the clinical databases. Main duct IPMN (MD-IPMN) was recorded if the main pancreatic duct (MPD) was dilated (>0.5 cm) on radiographic evaluation or main-duct involvement was reported on pathologic assessment, and branch duct (BD-IPMN) was defined if there was cystic disease in the absence of main duct dilation ( 0.5 cm) or involvement. A diagnosis of mixed-type (a combination of both main duct dilation and cystic disease) was classified as main duct disease for the purposed of this study.
Histopathologic assessment of resected specimens was performed as per institutional protocol by a dedicated gastrointestinal pathologist. Grade of dysplasia was defined as the highest degree of dysplasia identified within the examined specimen. 6 Based on the outcome of interest, patients were classified as ''high-risk'' if their pathology report showed high-grade dysplasia, or invasive carcinoma. Lesions with low-grade or intermediate-grade dysplasia were defined as ''low-risk.''
Cyst Fluid Samples
Cyst fluid samples were aspirated with an 18-to 21-gauge needle either intraoperatively by the surgeon or upon arrival to the surgical pathology suite by a pathologist. Samples were then aliquoted, and stored at À808C. Based on the recorded time between resection and freezing, only samples that had been refrigerated within 60 minutes of resection and underwent no previous freezethaw cycles were eligible. All the samples, deidentified to study number only, were shipped overnight on dry ice to University of Pittsburgh Cancer Institute (UPCI) Luminex core facility, where all multiplex assays were performed.
Multiplex Biomarker Analysis
Multianalyte analysis was performed using commercially available plates that included the 4 prespecified proteins. 19 Luminex Multiplex Bead Immunoassays were performed in 96-well microplate format as per standard protocol (See supplementary files SF1 and SF2, http://links.lww.com/SLA/B291 for the detailed steps and protocols of all assays). [19] [20] [21] Briefly, dilutions were followed according to each Vendor's protocol recommendations, unless otherwise noted. Millipore research human cytokine/chemokine Panel 1 (5-Plex) (Catalog # HCYTOMAG-60K-05) was diluted 2-fold to increase bead recovery. Additional Millipore assay conducted was Milli Research Human Cancer Biomarker Panel 1 (1-Plex) (Catalog # HCCBP1MAG-58K-01) at 6-fold. R&D systems assays conducted were LMPM000 and LMPM911 at 50-fold. And finally, the UPCI Core-developed assay conducted (5plex) at 5-fold. (See Supplementary table ST1 , http://links.lww.com/SLA/B293 for a summary of these multiplex assays and dilutions). Quality control data for each core-developed assay, including correlation with commercial ELISA, can be found on the UPCI Luminex Core Facility website (http://upci.upmc.edu/cpf/luminex.cfm).
Upon completion, all Luminex assay plates were then read on a BioRad Bioplex 100 or 200 instrument utilizing BioPlex Mangager4.1.1. Quantification of markers was either exported directly from this software or via XML files analyzed by the scaler program. All the resulting concentrations were normalized according to a scaling procedure, previously developed by UPCI group, to account for variations across different experiments (batch effect). 20 
Statistical Analysis
Our sample size was selected based on the precision with which we could estimate the sensitivity for the grade of dysplasia, and thus we did not use traditional sample size paradigms. With a sample size of 150, we could estimate sensitivity using a 95% confidence interval to within AE9.2% if true sensitivity was 80%. The precision would increase to AE6.2% if true sensitivity was 90%. Of note, we chose sensitivity over specificity because the clinical emphasis was felt to be weighted toward avoiding nonoperative management of high-risk lesions that should ideally be resected to prevent progression to cancer. This translates into a need to decrease false-negative results and improve both negative predictive value and sensitivity.
Protein concentrations were log-transformed before analysis to produce more normally distributed data. Continuous variables, including protein concentrations, were summarized using median and range and compared between the low-risk and high-risk groups using the Mann-Whitney U test. Categorical variables were summarized using frequency and percentage and compared using Fisher exact test. Dependence among proteins was evaluated using Pearson correlation coefficient, accepting correlation coefficients of <0.7 to represent independence between the selected markers.
The data were randomly split into a training (n ¼ 104) and testing dataset (n ¼ 45). Multivariable logistic regression was used to assess relationships between preselected combinations of protein markers and high-risk disease in the training dataset. The markers to be included in the models were selected based on multivariate modeling from our previous work. 19 Model-1 was based on MMP9 and CA72-4 log concentrations, whereas Model-2 was a 3-leaf decision tree based on sFASL, IL-4, and the IPMN duct type (decision tree classification details are shown in Table 1 ). For Model-2, sFASL and IL-4 were expressed as percentiles in their respective datasets.
Predictions from our clinical nomogram were added as a predictor in each model to determine if the markers remained independently associated with outcome. 22 Model performance was assessed on the test dataset using concordance indices (c-indices), with values ranging from 0.5 (as good as chance) to 1.0 (perfect discrimination). The final multivariable models were visually represented as nomograms and validated using the testing dataset. All statistical analysis was done in R 3.1.1 using the rms, Hmisc, pROC, and readxl packages, and P values <0.05 were considered significant.
RESULTS
Patient Characteristics
In total, 154 patients who underwent resection of IPMN, and had CF banked per protocol, were initially included from the 3 participating institutions (MSK, MGH, and JHH). However, during the multiplex assays, 5 samples were found to be too viscous for the assay (all 5 samples were high-risk), and thus had to be excluded due to inadequate protein measurement. The remaining 149 patients constituted our study cohort (Fig. 1) . The clinical, pathologic and radiographic characteristics of the cohort (stratified by disease risk) are summarized in Table 2 . High-risk disease was identified in 60 patients (40%), and 89 (60%) had low-risk disease (low and intermediate-grade dysplasia). Median age at resection was similar in both groups (71 years). Males represented 58% (n ¼ 86) of the cohort, and constituted 72% of the high-risk group. Female patients were significantly more likely to harbor low-risk disease. BD-IPMN was present in 87 patients (58%) and the majority of BD-IPMN patients (n ¼ 72, 83%) had low-risk disease. Within the group of 62 patients (42%) with MD-IPMN, the majority (n ¼ 45, 73%) had high-risk disease on final pathological analysis. Main-duct IPMN was significantly associated with high-risk disease (P < 0.001).
Weight loss, jaundice, a history of smoking, an abrupt change in MPD diameter and the presence of solid component were more common in the high-risk group (P 0.05). The training dataset (n ¼ 104) had 65 low-risk and 39 high-risk patients (63% high-risk), while the validation dataset (n ¼ 45) had 21 high-risk and 24 low-risk patients (47% high-risk).
Multiplex Assays and Univariate Analysis of Cyst Fluid Biomarker Levels Between the High-Risk and Low-Risk Groups
Correlation between the 4 markers that were included in the predictive models (MMP9, CA72-4, sFASL and IL-4) was low to moderate, with correlation coefficients of 0.25-0.68 (supplementary  table ST2 , http://links.lww.com/SLA/B294). Univariate analysis showed differential expression (P 0.05) of all 4 protein markers between the high-risk and low-risk groups (Table 3 , Fig. 2 ). Continuous variables are summarized using median and range (P values from rank sum test), rounded to the nearest one. Categorical variables are summarized using frequency and percentage (P values from Fisher exact test). Median (low, high) or N (%).
We then performed further analysis of each IPMN duct subtype (MD-IPMN and BD-IPMN) separately to see whether these biomarkers had different associations with high-risk disease in MD-IPMN and BD-IPMN. However, given the relatively small number in each subgroup, and the known low power of interaction tests, these tests were not precise, and the ultimate decision not to stratify the cohort based on duct type was based on these considerations.
Validation of Predictive Cyst Fluid Biologic Models
The 2 preselected multivariate models maintained high predictive ability in this multi-institutional cohort. Model-1, which included the log concentration of CF MMP9 and CA-72-4 as continuous predictors, had a c-index of 0.76 in the training set and 0.80 in the validation (testing) set. Model-2 had a c-index of 0.80 in the training set and 0.79 in the validation set. Odds ratios and P values for the different components in each model are summarized in Table 1 .
Cyst fluid protein markers remained independently associated with the degree of dysplasia when predictions from our previous clinical nomogram (c-index of 0.80 in the training set and 0.77 in the validation set) were added as a predictor in each model (all P value < 0.05). 22 Furthermore, diagnostic accuracy was further improved when the 2 CF models were merged with the clinical nomogram compared with either of the CF models or the nomogram alone (Table 1) 
DISCUSSION
The distinction between high-risk and low-risk IPMN is of utmost importance; as resection of IPMN in the setting of high-risk disease is considered indicated and appropriate. Similarly, if low-risk disease could be reliably identified, these patients would be radiographically monitored, and could avoid the morbidity of operation until high-risk disease developed. 23 In the current study, we developed and independently validated 2 separate CF biomarker models of dysplasia from 149 patients, who underwent resection at 3 different institutions, using antibody bead array (Luminex). Additionally, we demonstrated that incorporation of these 2 predictive CF marker models into a recently developed clinical and radiographic nomogram resulted in an even higher diagnostic discrimination for highrisk IPMN. 22 We believe that this is the first study to demonstrate the benefit of combining clinical, radiographic, and CF protein expression in defining high-risk IPMN.
Because of the limitations of imaging and cytology in defining high-risk IPMN, the diagnostic utility of CF analysis has been extensively evaluated. 11 A variety of protein markers including carcinoembryonic antigen (CEA), CA19-9, CA15-3, M1 mucin and amylase; as well as DNA and miRNA markers have been studied as potential diagnostic markers of pancreatic cyst subtype. Although some of these markers have shown the ability to identify mucinous lesions and differentiation of histopathologic subtype, their ability to discriminate grade of dysplasia in IPMN has not been encouraging. 24 -29 For example, CF CEA level has been consistently shown to be a useful predictor for identification of mucinous lesions with up to 79% accuracy and 85% accuracy when combined with the presence of extracellular mucin. 28, 30 However, the degree of elevation of CF CEA has not been found to be predictive of the grade of dysplasia in these patients. [31] [32] [33] In a recent retrospective study from Japan, multivariate analysis showed a weak association between CEA level in the pancreatic fluid and invasive carcinoma in mixed and MD-IPMN (OR, 1.002; 95% CI, 1.000-1.003; P ¼ 0.048). The area under the curve (AUC) value for pancreatic fluid CEA level in mixed IPMN was 0.796 (P < 0.001), whereas the AUC for pancreatic fluid CEA MD-IPMN was 0.877 (P < 0.001). 34 Multiple other studies developed clinical and radiographic nomograms to predict invasive disease in MD-IPMN and BD-IPMN with variable diagnostic accuracy. 35 -37 Our group has focused on CF protein expression as a tool for discrimination of grade of dysplasia in IPMN. Previous experiments have demonstrated consistent patterns of protein expression between low-risk and high-risk lesions. [17] [18] [19] For example, we previously evaluated the CF for inflammatory markers as a surrogate for tumor-associated neutrophils (TAN), as tissue studies from our group have identified an increased number of TAN in high-risk lesions. 38 These initial evaluations identified overexpression of inflammatory markers such as IL-1b, IL-5, and IL-8 in high-risk lesions; CF IL-1b remained a significant predictor of high-risk disease on multivariate analysis that included IPMN subtype; and CF inflammatory markers were associated with the degree of TAN. 17 High-mobility group A2 protein was also found to be significantly higher in CF of high-grade compared with low-grade IPMN. 39 Other groups found an association between neutrophil-to-lymphocyte ratio and risk of invasive disease in IPMN. [40] [41] [42] More recently, 19 we evaluated the association of TAN with malignant progression in 78 patients with resected IPMN, and performed a multiplexed assay for 87 different CF proteins, including CF inflammatory markers (CFIM), as possible surrogate markers for parenchymal inflammation. The majority (96%) of the low-risk lesions demonstrated no TAN, whereas 89% of invasive lesions expressed high levels of TAN. The grade of dysplasia was also found to have positive correlation with 29 of the measured proteins, of which 23 (79%) were CFIM. These findings suggested that CFIM may be an excellent surrogate marker for the identification of the TAN-dysplasia association. Because many of the individual markers were overexpressed in high-risk lesions, we used multivariate modeling to develop predictive models and chose the 2 most promising models to validate in the current study.
This current study expands on and validates this previous work and, to our knowledge, is the first to describe a highly predictive biologic model for identification of high-risk IPMN based on CF protein expression analysis and clinical and radiographic factors. Our multi-institutional cohort of resected IPMN patients was typical of what is reported in the literature. 31 The minority of patients had high-risk disease (n ¼ 60, 40%), and degree of dysplasia was associated with main duct involvement. The majority of patients with BD-IPMN (n ¼ 72, 83%) had low-risk disease, whereas most of MD-IPMN (n ¼ 45, 75%) were found to have high-risk disease on final pathological analysis. Other factors associated with high-risk disease included weight loss, jaundice, history of smoking, and the presence of solid component (P 0.05). These are all well-known risk factors for high-risk disease and coincide with our findings in a clinical nomogram study as well as what others have previously published literature. 22, 43, 44 The performance of the 2 multivariate models in the training and validation sets was encouraging as both Model-1 and Model-2 demonstrated a high predictive ability for identifying high-risk disease (c-indices 0.76, 0.80 and 0.80, 0.79, respectively for the training and validations sets). Additionally, all 4 markers were independently associated with the degree of dysplasia when variables from our clinical nomogram (which accounts for duct subtype) were added as a predictor in each model. Importantly, combining these protein-level models with our clinical-radiographic nomogram resulted in a higher predictive ability than any of the models or nomogram alone (Table 1) .
The most recent consensus guidelines (2012 International Consensus Guidelines) for the management of IPMN rely on clinical and radiographic features, rather than biologic markers, as the primary predictive tools for identifying high-risk disease, and are typically referenced as a factor in the treatment decision making for patients with IPMN. 15 These guidelines consider the presence of pancreatitis, cyst diameter >3 cm in BD-IPMN, thickened or enhancing cyst walls, main duct diameter 5 to 9 mm, nonenhancing mural nodule, or abrupt change in caliber of pancreatic duct with distal pancreatic atrophy as ''worrisome features.'' Factors considered to be ''high-risk stigmata'' include obstructive jaundice, enhancing solid component within cyst, and main duct dilation !10 mm. Resection is recommended for all patients with dilated MPD !10 mm, that is, MD-IPMN, and for any BD-IPMN >3 cm with ''high-risk stigmata.'' Multiple reports however have shown that patients who undergo resection for MD-IPMN by these guidelines will have only a 50% to 60% chance of having high-grade dysplasia at the time of resection. 45 Conversely, high-grade dysplasia is present in approximately 10% to 20% of patients who undergo resection in the absence of a dilated pancreatic duct (branch duct IPMN). 12, 14 Additionally, Aso et al investigated the associations between the malignant grade of IPMN and the number of high-risk stigmata and worrisome features (as outlined by the consensus guidelines), as well as the statistical significance of each factor for predicting malignancy, and found a high prevalence of malignancy in patients with MD-IPMN (64%) regardless of the presence or absence of high-risk stigmata. 44 The overall sensitivity and specificity of high-risk stigmata were 57% and 90% for predicting malignant IPMN (high-grade dysplasia or invasion) and 69% and 83% for predicting invasive carcinoma, respectively. 44 Similarly, a recent study from Japan found that the accuracy of the 2012 consensus guidelines for predicting malignancy in IPMN is 45%. 46 These findings highlight the shortcomings of the current consensus guidelines and suggest a persistent need for a better tool to identify those with high-risk IPMN. Given the findings of the current study, we believe that the combination of CF protein assessment and clinical and radiographic features may allow for a robust prediction model that can decrease the risk of ''undertreatment'' for high-risk IPMN lesions, which need to be resected to prevent progression into malignancy.
The most critical flaw in this study is that the samples were not obtained preoperatively. Most CF samples are obtained clinically using endoscopic ultrasound guidance. These fluid samples often contain contaminants from the gastrointestinal tract that may alter protein levels. 47 In addition, this study includes only patients with pathologically proven IPMN. The ability to preoperatively identify the histopathologic subtype of the given lesion (serous cystadenoma vs IPMN vs mucinous cystic neoplasm) is an additional dilemma that is only partially solved with CF CEA measurement. Previous work by our group has not found these markers to be elevated in other histopathologic subtypes; however, prospective assessment on all patients being considered for resection is needed, and a prospective study is ongoing. 26 Although prospective evaluation with EUS obtained samples will allow us to validate this approach in those undergoing resection, its applicability to patients who are selected for radiographic surveillance will remain unknown. The defined problem is that we cannot determine grade of dysplasia without resection, and therefore those who are selected for radiographic surveillance cannot have their grade (or even histopathologic subtype) determined. Upcoming prospective studies will define a 3-to 5-year period of surveillance without progression as ''success''; however, even this prospective evaluation will fall short and require large numbers of patients for validation.
CONCLUSIONS
This multi-institutional study validated 2 models, with high objective predictive ability, for the identification of high-risk IPMN based on CF protein expression. When combined with our clinical nomogram, the selected markers provided a stronger ability to predict high-risk disease than either the nomogram or CF markers alone. This study was relatively large in size, multi-institutional in nature, and included an independent dataset for validation. The latter served to decrease the risk of overfitting the models to our data and provided a fair and unbiased test of the models. Measurement of CF proteins can provide an accurate assessment of the degree of dysplasia, and with further development may be helpful for surgical decision-making in these patients. Given the consistent findings of elevated inflammatory markers in the CF of high-risk lesions in multiple studies, an anti-inflammatory strategy may be a reasonable approach to prevent IPMN progression.
